Introduction {#sec1-1}
============

Hyperglycemia, hyperlipidemia and hypertension are risk factors that appear to play major roles in the severity of stroke. Hyperglycemia has been documented to be associated with aggravating cerebral damage, with increased morbidity and mortality (Li et al., 1996; Meierhans et al., 2010). Furthermore, animal and human studies have linked hyperglycemia in the acute phase of ischemic stroke to worse clinical outcomes regardless of the presence of pre-existing diabetes (Bémeur et al., 2007). Inflammation is one of the main mechanisms by which diabetes mellitus (DM) aggravates ischemic cerebrovascular disease. It worsens cerebral ischemia and hypoxia, increases the cerebral infarct volume, and results in a higher disability rate in diabetic patients than in patients without DM (Di Carlo, 2009). Therefore, inhibition of the inflammatory response may be an important strategy for the treatment of cerebral ischemic injury.

Nuclear factor-kappa B (NF-κB) is the major cytokine participating in the inflammatory cascade (Prabhakar, 2013), and promoters and enhancers of various inflammatory mediators, such as tumor necrosis factor alpha (TNF-α), contain kappa B sites. NF-κB can be activated by the development of DM after cerebral ischemia/reperfusion (I/R) injury (Kim et al., 2014).

Lipoxin A4 (LXA4), a metabolite of arachidonic acid existing in human leukocytes, can alleviate cerebral I/R injury by intervening in the inflammatory reaction. It reduces the expression of inflammatory cytokines and adhesion molecules, and the adhesion between leukocytes and endothelial cells (Ye et al., 2010; Chen et al., 2013; Zhao et al., 2014). However, it is still unclear whether LXA4 has a protective effect on DM-aggravated I/R injury. In this study, we observed the effects of LXA4 on the expression of NF-κB and TNF-α in diabetic rats with focal cerebral I/R injury, and investigated the protective effects of LXA4 on DM complicated by focal cerebral I/R injury.

Materials and Methods {#sec1-2}
=====================

Ethics statement and experimental animals {#sec2-1}
-----------------------------------------

The experimental protocol was approved by the Animal Ethics Committee of Guangdong Medical Laboratory Animal Center and performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Precautions were taken to minimize suffering and the number of animals used in each experiment.

A total of 36 adult male Sprague-Dawley rats, 5--6 months of age, specific pathogen-free level, weighing 250--280 g, were provided by Guangdong Provincial Medical Laboratory Animal Center of China (license No. SCXK (Yue) 2008-0002). Rats were randomly divided into three groups with 12 rats per group: sham (no surgery), I/R (DM + I/R), and LXA4 (DM + I/R + LXA4).

Induction of DM {#sec2-2}
---------------

Rat models of type 1 DM were established by intraperitoneal (i.p.) injection of streptozotocin (STZ; Sigma, St. Louis, MO, USA) at 20 mg/kg in the first 24 hours and at 35 mg/kg on the next day following 8 hours of fasting (Sun et al., 2005). STZ was dissolved in cold citrate buffer (pH 4.5) immediately before use and the solution was made fresh daily. The rats were allowed access to sucrose (5%) in drinking water during the next 24 hours to prevent hypoglycemia. Rats with blood glucose levels of more than 250 mg/dL were considered to be diabetic and were included in the study (Chaturvedi et al., 2009).

Establishment of rat models of focal cerebral I/R injury {#sec2-3}
--------------------------------------------------------

After DM induction, I/R models were established once blood glucose levels remained stable for 7 days. Rats were anesthetized with chloral hydrate (350 mg/kg, i.p.) and subjected to middle cerebral artery occlusion as described previously with slight modifications (Longa et al., 1989). Briefly, the right common carotid artery, internal carotid artery (ICA), and external carotid artery (ECA) were exposed, and the ECA was dissected distally. A special nylon suture with a rounded tip (line diameter of 0.26 mm, head diameter of 0.36 ± 0.02 mm) was inserted into the ICA through the ECA stump and was gently advanced to occlude the middle cerebral artery (MCA). Animals that died after ischemia induction, or that had evidence of subarachnoid hemorrhage on extraction of brain tissue were excluded. After 2 hours of middle cerebral artery occlusion (MCAO), the suture was withdrawn to restore perfusion. Body temperature was monitored with a rectal probe and maintained at 37°C during the entire procedure. Rats in the sham group were manipulated in the same way but without MCAO.

LXA4 administration {#sec2-4}
-------------------

The commercially obtained LXA4 (Cayman Chemical Company, Ann Arbor, MI, USA) was dissolved in ethanol, so we first tested the effect of ethanol in I/R rats during a preliminary study (data not shown). To match the ethanol concentration in the LXA4 working solutions, 5 mL of ethanol (0.09%) was cerebroventricularly administered. Neither infarct volume nor neurological deficits were affected by 5 mL of ethanol (0.09%). This result is in line with a previous study showing that treatment with 1.0 or 1.5 g/kg of ethanol reduced total infarct volume in rats, but 0.5 g/kg ethanol did not reduce brain injury (Krenz and Korthuis, 2012). In our present study, 5 mL of ethanol (0.09%) per rat is roughly equivalent to 0.000015 g/kg of ethanol, which is far below the level of 0.5 g/kg of ethanol previously established to have no effect on the measures under investigation. Thus, we considered it appropriate to use saline to replace ethanol as a vehicle for treatment.

LXA4 was stored in ethanol at −80°C. In the LXA4 group, 5 μL of LXA4 (0.2 mM) was administered into the lateral ventricles under stereotactic guidance at 24 hours after MCAO. The coordinates were as follows: anteroposterior, −0.8 mm; lateral, 1.5 mm; and dorsoventral, 3.8 mm from bregma (Paxinos and Watson, 2005). All surgical procedures were completed under sterile conditions and penicillin (200 000 U, i.m.v.) was injected to prevent infection. The rats in the sham and I/R groups received 5 μL of saline (i.c.v.) at 24 hours after reperfusion.

Neurological deficit evaluation {#sec2-5}
-------------------------------

Neurological scores were assessed by a blinded observer at 24 hours after reperfusion. Scores from 0 to 5 were given based on a motor behavioral test as previously reported: 0, no neurological deficit; 1, failure to fully extend the contralateral forepaw; 2, decreased grip of the contralateral forelimb while the tail is pulled; 3, spontaneous circling or walking toward the contralateral side; 4, no spontaneous motor activity; 5, unresponsive to stimulation (Hunter et al., 2000).

Infarct volume {#sec2-6}
--------------

At 24 hours after reperfusion, the rats (*n* = 6 per group) were anaesthetized by chloral hydrate and decapitated. The brains were quickly removed and placed in cold saline for 5 minutes. Then, the tissues were cut at 2-mm intervals from the frontal pole to obtain five coronal sections that were stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma, St. Louis, MO, USA) for 30 minutes followed by overnight immersion in 10% formalin. The infarcted regions were quantified by assessing each section with Image J software (National Institutes of Health, Bethesda, Maryland, USA). The infarct size as a percentage of the whole brain was calculated (Frieler et al., 2011).

Western blot assay {#sec2-7}
------------------

At 24 hours after reperfusion, the rats (*n* = 6 per group) were anaesthetized by chloral hydrate (10%, stoted in 4°C refrigerator) and decapitated. The brains were quickly removed (stored in -80°C refrigerator). Total proteins in the cerebral cortex samples were extracted. Nuclear proteins were isolated using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Boster Company, Wuhan, China) according to the manufacturer\'s instructions. Protein concentrations were determined using bicinchoninic acid protein assay with bovine serum albumin as the standard (McConkey, 1984). Protein expression was detected as follows. In brief, total protein samples (40 mg) were separated on 12% sodium dodecyl sulfate-polyacrylamide gels and then transferred to a nitrocellulose membrane. The membrane was blocked with 5% nonfat dry milk in Tris-buffered saline with Tween-20 (TBST) and incubated overnight at 4°C with mouse anti-rat NF-κB p65 monoclonal antibody (1:600; Santa Cruz Biotechnology, Dallas, TX, USA) and rabbit anti-rat TNF-α monoclonal antibody (1:500; Santa Cruz Biotechnology). Rabbit anti-rat β-actin monoclonal antibody (1:500; Sigma) or mouse anti-rat Histone H3.1 monoclonal antibody (1:200; Santa Cruz Biotechnology) served as the internal control. After extensive rinsing with TBST, the membranes were incubated with goat anti-mouse or goat anti-rabbit IgG conjugated with horseradish peroxidase (1:7,000; LI-COR Biosciences, Lincoln, NE, USA) for 1 hour at 37°C. Bound antibody was detected using an enhanced chemiluminescence detection system (ECL, Pierce, Rockford, IL, USA) and exposed on X-ray films. The ratio of optical density value as protein expression in each sample was analyzed with Image J software.

Statistical analysis {#sec2-8}
--------------------

All statistical analyses were performed using SPSS 16.0 software (SPSS, Chicago, IL, USA) and the data are expressed as the mean ± SEM. Data from different groups were compared using one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls tests (for normally distributed data). A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

LXA4 improved the neurological function of diabetic rats with cerebral I/R injury {#sec2-9}
---------------------------------------------------------------------------------

No rats in the sham group showed signs of impairment. The neurological deficits in the LXA4 group were significantly improved at 24 hours after reperfusion compared with the I/R group (*P* \< 0.05; **[Figure 1A](#F1){ref-type="fig"}**).

![Effect of lipoxin A4 (LXA4) on neurological deficits and brain infarct volume in diabetic rats with cerebral ischemia/reperfusion (I/R) injury.\
(A) Neurological scores. The higher the score, the worse the neurological function. (B) Representative 2,3,5-triphenyltetrazolium chloride-stained brain sections (infarcted areas are white). Rats were subjected to 2 hours of middle cerebral artery occlusion followed by 24 hours of reperfusion. (C) Brain infarct volume. Data are expressed as the mean ± SEM (*n* = 6 rats per group). The data of different groups were compared by one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls tests (for normally distributed data). \**P* \< 0.05, *vs*. I/R. S: Sham group; I/R: diabetes mellitus + I/R injury group; LXA4: diabetes mellitus + I/R injury + LXA4 group.](NRR-11-636-g002){#F1}

LXA4 reduced the brain infarct volume in diabetic rats with cerebral I/R injury {#sec2-10}
-------------------------------------------------------------------------------

TTC staining showed that at 24 hours after LXA4 administration no rats in the sham group had infarctions. The infarct volume was significantly decreased after 24 hours of reperfusion in the LXA4 group compared with the I/R group (*P* \< 0.05; **Figure [1B](#F1){ref-type="fig"}, [C](#F1){ref-type="fig"}**).

LXA4 decreased TNF-α and NF-κB expression in the cerebral cortex of diabetic rats with cerebral I/R injury {#sec2-11}
----------------------------------------------------------------------------------------------------------

Western blot results showed that there were significant differences in the expression levels of TNF-α and NF-κB between the sham, I/R, and LXA4 groups (*P* \< 0.001). The expression levels of TNF-α and NF-κB in the LXA4 group were significantly lower than those in the I/R group (*P* \< 0.05; **[Figure 2](#F2){ref-type="fig"}**).

![Effect of lipoxin A4 (LXA4) on expression levels of TNF-α and NF-κB in the cerebral cortex of diabetic rats with cerebral ischemia/reperfusion (I/R) injury (western blot assay).\
Beta-actin and Histone H3.1 were used as internal controls. The results for TNF-α were expressed as the optical density ratio of TNF-α to β-actin, and the results for NF-κB were expressed as the ratio of the optical density of NF-κB to Histone H3.1. Each bar represents the mean ± SEM (*n* = 6 rats per group). The data of different groups were compared by one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls tests (for normally distributed data). \**P* \< 0.05, *vs*. I/R. S: Sham group; I/R: diabetes mellitus + I/R injury group; LXA4: diabetes mellitus + I/R injury + lipoxin A4 group.](NRR-11-636-g003){#F2}

Discussion {#sec1-4}
==========

Studies have shown that the risk of stroke is 1.5--3 times higher, and the risk of recurrent stroke is doubled, in diabetic patients (Harada et al., 2009; Kostulas et al., 2009). However, the mechanism by which diabetes aggravates cerebral I/R injury is not fully understood. Research in recent years has shown that a strong inflammatory response may contribute to the aggravation of cerebral I/R injury caused by diabetes. For example, inflammatory cytokines contribute to the conversion of ischemic injury to inflammatory injury (Fan et al., 2012; Luan et al., 2013).

Lipoxins are endogenous anti-inflammatory lipid-based autacoids, resulting from the biosynthesis of prostaglandins and leukotrienes. They are produced endogenously in picogram to nanogram range in most murine species during inflammation and disease pathogenesis (Xu et al., 2012; Karra et al., 2015). It has been found that the lipid and its isomers, which are endogenous anti-inflammatory mediators, can inhibit the expression of many kinds of inflammatory cells, such as neutrophils, various proinflammatory cytokines and adhesion molecules (Chiang et al., 2005). Because lipoxin can inhibit the inflammatory response in many ways, it is referred to as the "brake signal" (Sobrado et al., 2009). The neuroprotective effects of lipoxin have been demonstrated in renal ischemia injury (Leonard et al., 2002), peritonitis (Mirakaj et al., 2014), pulmonary inflammatory response (Meng et al., 2015), ulcerative colitis (Yates et al., 2014) and cerebral I/R injury. The present study has shown that neurological deficit score and infarct size are significantly decreased in diabetic rats with cerebral I/R injury, which indicates that the nerve cell injury may be ameliorated by diabetes mellitus.

Our research group has previously demonstrated that NF-κB and TNF-α play important negative roles in cerebral I/R injury. Therefore, LXA4 can inhibit the activation of NF-κB and TNF-α and decrease the inflammatory reaction, which may be important for treating diabetes mellitus combined with cerebral I/R injury. The present study showed that TNF-α-induced NF-κB transcription activity can be inhibited by the lipoxin. It has been suggested that NF-κB is an important factor mediating the effect of lipoxin (Hao et al., 2015). Lipids can inhibit neutrophil and nuclear accumulation of NF-κB and transcription factor activator protein-1 (AP-1) in monocytes, and down-regulate expression of interleukin-8 (IL-8) (Huang et al., 2014). In addition, lipoxin can inhibit the up-regulation of gene expression stimulated by Salmonella typhimurium. These genes are mostly regulated by NF-κB (Wang et al., 2011b), and the change in gene expressionincreases NF-κB levels in the nucleus (Wu et al., 2010). Studies from Chen et al. (2013) have demonstrated that LXA4 can inhibit the activation of NF-κB, and the activation of proinflammatory cytokines, including TNF-α, IL-1, IL-6, IL-8 and platelet activating factor. Wang et al. (2011a) showed that LXA4, in the form of aspirin-triggered 15-epi-LXA4, can effectively inhibit the lipopolysaccharide-induced accumulation of NF-κB in leukocytes. *In vitro* experiments have confirmed that LXA4 can reduce the phosphorylation of NF-κBp65 in myosin and mesangial cells (Kure et al., 2010). Our results showed that the expression of NF-κB in diabetic patients with cerebral I/R injury was significantly decreased, indicating that the protective effect of lipoxin on cerebral I/R injury may be related to the inhibition, or decreased expression, of NF-κB.

In addition, Forsman and Dahlgren (2009) reported that lipoxin can inhibit the expression of TNF-α. Ye et al. (2010) showed that after injection of LXA4 in rats with focal cerebral I/R injury, TNF-α and IL-1 decreased significantly, thus inhibiting the inflammatory reaction and alleviating cerebral I/R injury. There is evidence that LXA4 can inhibit I/R injury caused by TNF-α in the gastrointestinal tract and other important organs. LXA4 may promote this recovery through regulating the signal transducer and activator of transcription-3 (STAT-3) and the protein kinase B (Akt1)/cyclin-dependent kinase inhibitor 1B (p27kip1) signal transduction pathways (Breckwoldt et al., 2008). Their results showed that the expression of TNF-α in diabetic patients with cerebral I/R injury was significantly decreased. This may indicate that the protective effect of lipoxin on cerebral I/R injury may be related to its inhibition, or decreased expression, of TNF-α.

In conclusion, LXA4 can inhibit inflammatory reactions in diabetic cerebral I/R injury and has a neuroprotective effect. Its mechanism may be related to the inhibition of TNF-α and NF-κB expression. However, the protective effect and mechanisms of LXA4 in cerebral I/R injury in rats require further study.
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